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Abstract
We study the magnetoresistance of an ultrahigh mobility GaAs/AlGaAs two-dimensional elec-
tron sample in a weak magnetic field under low-frequency (f < 20 GHz) microwave (MW) irradi-
ation. We observe that with decreasing MW frequency, microwave induced resistance oscillations
(MIRO) damp and multi-photon processes become dominant. At very low MW frequency (f < 4
GHz), MIRO disappears gradually and a new SdH-like oscillation develops. The analysis indicates
that the new oscillation may originate from alternating Hall-field induced resistance oscillations
(ac-HIRO), or can be viewed as a multi-photon process of MIRO in low MW frequency limit. Our
findings bridge the non-equilibrium states of MIRO and HIRO, which can be brought into a frame
of quantum tunneling junction model.
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High quality GaAs/AlGaAs two-dimensional electron system (2DES) has been the op-
timal experimental platform for the study of fractional quantum Hall effect (FQHE) for
decades. Much attention is paid to non-equilibrium transport properties of 2DES in very
high Landau levels, such as microwave induced resistance oscillations (MIRO) [1, 2] and zero
resistance state (ZRS) [3, 4], which can be expressed as a function of ω/ωc, where ω = 2pif
is the microwave (MW) frequency, ωc = eB/m
∗ is the cyclotron frequency, and m∗ is the
effective mass of electron. Another notable effect in 2DES is Hall field induced resistance
oscillations (HIRO) or Zener tunneling that emerges in a dc-electric field [5, 6], and can be
described as a function of 2Rc/∆Y , where 2Rc is the cyclotron diameter, ∆Y = h¯ωc/eE is
the real space change due to the inter-Landau level spacing, and E is the Hall electric field.
Experimentally, MIRO and HIRO exhibit very similar features, but their physical origins
are different. MIRO is understood in terms of MW induced impurity scattering (displace-
ment model) [7] and change of distribution function (inelastic model) [8], while HIRO
can be explained by inter-Landau level elastic disorder, which relies on a large momentum
transfer [5]. Many experimental and theoretical efforts are made to research the interaction
between MIRO and HIRO [9–11]. It is found that the two oscillations mix nonlinearly
when a 2DES is subject to microwave and dc electric field simultaneously. The electron
state transition can be viewed as either a jump in energy due to MW absorption or a jump
in space due to elastic scattering by impurities under dc excitation [10]. From this point of
view, HIRO and MIRO are considered as separate processes .
Most experiments about MIRO and ZRS are focused on high-frequency (f > 30 GHz)
MW irradiation with high energy photon. The limitation is that MW signals cannot be
transmitted below the cut-off frequency within the rectangular waveguide. In this paper we
expand the MW frequency range of MIRO by using a linear dipole antenna, and focus on
the magnetoresistance oscillations under low-frequency (f < 20 GHz) MW irradiation. In
contrast to previous results [12], we observe abundant multi-photon processes of MIRO with
decreasing MW frequency and a new Shubnikov de-Haas (SdH)-like oscillation under ultra-
low frequency (f < 4 GHz). We interpret the new oscillation by the theory of ac-HIRO or
the multi-photon processes of MIRO, whereby the two different non-equilibrium microscopic
mechanisms could be unified under certain conditions. The low frequency results provide
good supplements to previous MIRO experiments.
Our experiments are carried out in a top-loading He3 refrigerator with a base temperature
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of 0.3 K. The wafer with a high-quality (µ ∼ 3 × 107 cm2/Vsec) GaAs/Al0.24Ga0.76As
quantum well (QW) is grown by molecular-beam epitaxy. The 28 nm wide QW is located
about 320 nm beneath the sample surface. The Hall bar sample is defined by UV-lithography
and wet etching. Ohmic contacts are made by a 43/ 30/ 87 nm stack of Ge/ Pd/ Au metals
with an annealing process at 450 ◦C. The microwave signal is generated by a continuous
wave generator Anritsu MG3690C, and guided to the base via a semi-rigid coaxial cable,
radiating the sample by a linear dipole antenna hung over the sample. The microwave
frequency ranges from 8 MHz to 70 GHz. The resistance is measured by applying a low-
frequency (17 Hz) external current I = 100 nA through the Hall bar, and probing the voltage
drop of two contacts.
Fig. 1(a) illustrates the results of magnetoresistance under MW irradiation from 3 GHz
to 29 GHz. At f = 29 GHz, MIRO and ZRS are clearly observed. The major peaks are
located near ε = ω/ωc = 1, 2, 3, ..., which indicates that the harmonic process is dominant
— an electron absorbs one MW photon and jumps one or multiple Landau levels. However,
with a lower frequency f = 16 GHz, the resistance peaks near ε > 2 disappear, but peaks at
ε = 1/2, 1/3, 1/4 develop, these are called multi-photon processes [13], in which an electron
absorbs two or more MW photons and jumps one Landau level. Multi-photon processes
only exist at low MW frequency (f < 30 GHz). At f = 8 GHz, the peak near ε = 2
disappears, and the amplitude of MIRO reduces rapidly. Meanwhile, a small resistance
peak near ε = 1/6.2 arises (marked by the orange color arrow), which cannot be explained
by the regime of MIRO. The new peak (marked by the green color arrow) expands at f = 5
GHz, and grows stronger than MIRO. Finally, MIRO disappears completely at f = 3 GHz,
and the new oscillation becomes dominant. In general, with decreasing MW frequency and
photon energy, MIRO decays gradually while a new oscillation emerges and develops. Fig.
1 (b) shows Rxx vs. B under low MW frequency irradiation with f = 1.5 GHz, 800 MHz,
400 MHz, 100 MHz, respectively. The new oscillations persist in a wide range of MW
irradiation frequency, but do not depend on MW frequency. Like SdH oscillations, they are
roughly 1/B periodic. And similar to MIRO and HIRO, the new resistance oscillations are
symmetric with positive and negative magnetic fields, appearing only at very high Landau
levels (B < 0.01 T).
The MW power-dependent results of the new oscillations for f = 800 MHz are shown in
Fig. 2(a). The MW power values are obtained from the wave generator; the power loss in
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FIG. 1: (Color online). (a) Magnetoresistances under MW irradiation from high frequency (29
GHz) to low frequency (3 GHz) are plotted against ωc/ω, and the electron effective mass m
∗ is
taken to be 0.067me. The dashed lines indicate the multi-photon and harmonic process. (b) Rxx
under low frequency MW irradiation (< 1.5 GHz). All the traces with vertically offset are shown
for clarity.
coaxial cables and the efficiency of the linear dipole antenna are not taken into account. The
new oscillations are strongly dependent on MW power — at low power, the oscillations are
weak and appears only at low magnetic fields. When the power increases, the oscillations
extends to higher magnetic fields, and the number of peaks grows as well as the amplitudes
of the oscillations. The B-field positions of the highest resistance peak (marked by upward
arrows) versus the square root of MW power are shown in Fig. 2(b). The linear relationship
4
FIG. 2: (Color online). (a) Power-dependent Rxx under 800 MHz microwave irradiation (with
vertical offset for clarity). The upward arrows mark the largest resistance peak of the oscillations.
(b) The B positions of the marked peaks versus the square root of MW power (black squares).
The red line is the linear fitting curve.
indicates that the B-field position of the peak is proportional to the electric component
of microwave (or electromagnetic (EM)) field. The power-dependent features are different
from MIRO, in which only the amplitudes change with MW power but the B-field positions
remain constant. For HIRO, the oscillation is dependent on the dc-bias current density, akin
to the new oscillations that are EM-field dependent. All these features suggest that the new
oscillations may pertain to HIRO.
Fig. 3(a) displays a circuit diagram for the electrical measurement of HIRO. A constant
dc current Idc is applied through the Hall bar sample, along with a low frequency (17 Hz)
modulation current Iac of 100 nA. The voltage drop between the two contacts is recorded
by a lock-in amplifier at the modulation frequency. The result is called the differential
magnetoresistance at a given dc-bias: rxx = Vac/Iac = (∂V/∂I)dc . When the 2DES sample
is irradiated by MW, an alternating current is excited in the Hall bar by the EM-fields.
The excited current plays a role of the bias current, causing ac-HIRO effect.
For the sake of simplification, the magnetoresistance of dc-bias-induced HIRO can be
described with a Cosine function: ∆R = Aδ2 cos(ηJdc/B), where A is the amplitude,
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FIG. 3: (Color online). Panel (a) The diagram for the electrical measurement of HIRO. (b) The
comparison of Rxx with Cosine function and Bessel function. All traces are horizontally scaled to
align the largest oscillation peaks; and vertical offset are provided for clarity. The dashed lines
indicate the peaks of the 800 MHz trace.
δ = exp(−pi/ωcτq) is the Dingle factor from the SdH oscillations, τq is the quantum life-
time of electrons, and Jdc is the dc-bias current density. The factor can be expressed as
η = 4pim∗
√
2pi
n
/e2, in which n is the two-dimensional electron density. If the bias is an alter-
nating current [14], Jdc = j0 cos(ωt), where j0 and ω are the amplitude and the frequency
of the alternating current respectively. Thus ∆R changes with time rapidly. But in our
measurement, the lock-in amplifier is locked at a low frequency of 17 Hz, and will only reach
the zero frequency harmonic ∆R0 from ∆R, because only ∆R0 provides a term oscillating
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FIG. 4: (Color online). Magnetoresistance under MW irradiation for f = 2 GHz, with a dc-bias
current passing through the Hall bar sample. The two kinds of oscillations merge into a new type
of oscillation.
at 17 Hz. ∆R0 is derived from Fourier transform:
∆R0 =
1
T
∫ T/2
−T/2
∆Rdt = Aδ2J0(η
j0
B
). (1)
Therefore, the ac-HIRO result can be described as a simple Bessel function J0(x). The
oscillation depends on the amplitude of the alternating current and the magnetic field, and
j0 is determined by the intensity of EM-field or MW power, in accord with the power-
dependent results in Fig. 2.
Fig. 3(b) shows the comparison of Rxx under MW irradiation with Cosine function and
Bessel function. The traces of 100 MHz and 800 MHz irradiation are both in line with
the Bessel function trace, as opposed to the Cosine function trace. The model of ac-HIRO
supports the explanation of the new SdH-like oscillation.
To further demonstrate the close relationship between the new oscillation and HIRO, we
study the magnetoresistance of the sample subject to microwave irradiation and a dc-bias
current simultaneously. The results are shown in Fig. 4. Without MW irradiation, a strong
dc-HIRO arises, which can be described as Cosine function. Meanwhile, with increasing
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FIG. 5: (Color online). Magnetoresistance results of different contact configurations under MW
irradiation. The inset shows the diagram of the Hall bar sample, and the excitation current Iac is
applied from contact 1 to 4.
MW power, the oscillation expands to higher magnetic field and the amplitude decreases.
We find that the MW induced new oscillation and dc-induced HIRO merge into a combined
oscillation, which suggests that the mechanism of the new oscillation is consistent with
HIRO. When the sample is driven by low frequency MW, the bias can be expressed as a
function of driven frequency: Jdc = j1 + j0 cos(ωt), where j1 and j0 are the amplitudes of
the dc-bias current and the excited alternating current respectively. And the zero frequency
harmonic is derived as: ∆R0 = Aδ
2J0(η
j0
B
) cos(η j1
B
).
The combined oscillation is determined by both j1 and j0. If the dc-bias current density j1
is fixed, the MW irradiation can be viewed as a Bessel modulation on HIRO. Consequently,
the B-field coordinate of the oscillation peaks increases with the MW power. It is strong
evidence that the new oscillation originates from HIRO.
The hitherto magnetoresistance results in this report are measured from the contacts 6
and 7 of the Hall bar sample (inset in Fig. 5). Fig. 5 presents Rxx results from different
contact configurations under MW irradiation. We find that the oscillations are strongly
dependent on contact configurations, different from MIRO and HIRO. Under MW irradia-
tion, every Hall bar arm can be considered as an antenna, and an alternating bias current
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is excited inside. Since the distance between the dipole antenna and the sample is less than
20 mm, and the size of the sample is larger than 1 mm, the EM-field near the Hall bar
cannot be described as plane wave from far-field approximation, hence the amplitude and
the phase of the EM-field change with spatial positions. For instance, the equivalent alter-
nating bias currents of contact configurations 7-8, 6-7, and 5-6 are not equal. It gives rise
to the contact-dependent oscillations.
The MW signal in the ac-HIRO mechanism is considered as excited bias current. We
can also explain the new oscillations in the view of microwave photons. Among the various
theoretical models proposed for MIRO and ZRS, Shi and Xie came up with a quantum
tunneling junction model [15], by which a periodic voltage Vac (or electric field) can be
induced by microwave (or rf) EM-field. The obtained photon-assisted transport result of
conductivity is derived as:
σ
σ0
=
∞∑
n=−∞
J2n(
∆
h¯ω
)[1 +
λ2
2
cos(2pin
ω
ωc
)− npiλ2
ω
ωc
sin(2pin
ω
ωc
)]. (2)
σ and σ0 are the conductance of the system with and without MW irradiation. The con-
ductivity can be expressed as a function of MW power and frequency: ∆ is the EM-field
intensity, ω is the MW frequency, λ = 2 exp(−piωcτq) is the Dingle factor, and Jn(x) is
the Bessel function of n-th order. The numerical results show that with increasing MW
power, the minimum of the conductance oscillation becomes negative and zero resistance
state emerges. When the power increases further, multi-photon process sets in. Equation
(2) can also be simplified as: σ
σ0
= 1 + λ
2
2
J0(
2∆
h¯ω
sin(piω
ωc
))− piλ
2∆
h¯ωc
cos(piω
ωc
)J1(
2∆
h¯ω
sin(piω
ωc
)).
At the low MW frequency limit (ω/ωc → 0), with sin(
piω
ωc
) ≈ piω
ωc
, cos(piω
ωc
) ≈ 1, the change
of conductance is:
∆σ
σ0
=
λ2
2
J0(
2pi∆
h¯ωc
)−
piλ2∆
h¯ωc
J1(
2pi∆
h¯ωc
) ≈
λ2
2
J0(
2pi∆
h¯ωc
) =
λ2
2
J0(
2pim∗
eh¯
∆
B
). (3)
The result indicates that the conductance is not dependent on MW frequency, but depends
on EM-field intensity at low frequency limit. The quantum tunneling junction model pro-
vides an explanation: under low MW frequency irradiation with low photon energy, an
electron absorbs multiple photons and jumps one Landau level. The new oscillation can be
regarded as a multi-photon process of MIRO at low MW frequency limit. Equation (3) on
low-frequency limit of MIRO has the same form as Eq. (1) on HIRO phenomenon, where
λ = 2δ, and ∆ corresponds to j0. We explain the new oscillations with either multi-photon
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limit of MIRO or ac-HIRO. MIRO describes electron transitions from the photon absorption
in energy, while HIRO is the transitions from the elastic scattering in space. Low frequency
MW is in between the two limits of bias for MIRO (high-frequency MW) and HIRO (dc-bias).
These two mechanisms can be integrated into one for low frequency MW irradiation.
In summary, in our ultrahigh mobility n-type GaAs/AlGaAs quantum well, we expand
the MW frequency range of MIRO and focus on magnetoresistance oscillations under low-
frequency (< 20 GHz) MW irradiation. We find that with decreasing frequency, multi-
photon assisted MIRO is observed, and when MIRO disappears gradually a new SdH-like
oscillation develops. The new oscillation is dependent on MW power rather than MW fre-
quency. We provide a qualitative analysis of the observation in terms of alternating bias
current induced HIRO and multi-photon process of MIRO at low MW frequency limit,
whereby the two different non-equilibrium mechanisms can be unified under certain con-
ditions. It is a desirable approach to perceive HIRO and MIRO in a unified theory. Our
findings contribute to the understanding of the relationship between MIRO and HIRO.
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